| INTRODUCTION
The signal transduction process in which membrane depolarization of muscle is linked to contraction of muscle cells is called excitationcontraction (EC) coupling. In vertebrate skeletal muscles, EC coupling is dependent on the close interaction of two distinct Ca 2+ channels, the dihydropyridine receptor (DHPR) in the sarcolemmal transverse (T) tubules and ryanodine receptor 1 (RyR1) in the sarcoplasmic reticulum (SR) at junctions of the T tubules and SR called triads. 1, 2 Depolarization of the membrane is sensed by the DHPR, 3 ,4 a voltage-gated L-type Ca 2+ channel which is composed of the voltage-sensing and pore-forming α subunit (Cav1.1), along with auxiliary subunits; β, α2δ, γ and the newly discovered Stac3 protein, recently coined the ε subunit. 5 Depolarization causes a conformational change in DHPR, triggering the opening of the RyR1 by protein-protein interaction, resulting in Ca 2+ release from the SR without the requirement for Ca 2+ to pass through the DHPR. 6 Subsequently, Ca 2+ release triggers the contraction machinery resulting in muscle contraction.
EC coupling in skeletal muscles is thought to require physical coupling between the RyR1 and DHPR that is reflected by an ordered arrangement of RyR1 and DHPR in their respective membranes. Chimeras of DHPR with altered ability to traffic to the triad resulted in reduced or absent EC coupling. 7 Additionally, freeze fracture electron microscopy of skeletal muscle triads reveals DHPR arranged in groups of 4 DHPRs called tetrads that appose every other RyR1, which itself forms an orthogonal matrix in the SR membrane. 1 Defects in the ordered arrangement of DHPR also result in reduced or absence of EC coupling. [8] [9] [10] [11] Zebrafish embryos have emerged as a robust and popular model for EC coupling as they rapidly develop mature skeletal muscle fibers, develop externally, have translucent skin, and show highly homologous EC coupling physiology to mammals. 9 The paralyzed zebrafish relaxed mutant that is null for DHPRβ subunit, 12 has disrupted tetrad formation and reduced DHPR expression at triads despite normal expression and localization of RyR1. 9 DHPRβ is thought to act as a chaperone to traffic and then allosterically allow conformational folding of the DHPR into tetrads that are anchored to RyR1. 8 Remarkably, muscle fibers from relaxed mutant zebrafish embryos display normal gross morphology, suggesting a specific role for DHPRβ in EC coupling. 9, 12 More recently, zebrafish stac3 was found to be required for normal DHPR levels, organization, stability and function at triads, and causal for the debilitating Native American myopathy (NAM). 11, 13 Like muscle fibers from relaxed embryos, stac3 null embryonic fibers also do not show gross morphological defects, suggesting a specific role for Stac3 in EC coupling. 13 Furthermore, zebrafish expressing the hypomorphic, missense NAM allele of stac3 were aberrant in levels, organization and function of 2 | RESULTS
| A fraction of DHPR localizes to longitudinal SR between T tubules

Expression of Enhanced Green Fluorescent Protein (EGFP)-tagged
DHPRα in skeletal muscle of zebrafish embryos resulted in a striated pattern of dots throughout the muscle fiber corresponding to the pattern of triad-localized endogenous DHPRα in the T tubules ( Figure 1A ).
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Additionally, EGFP-DHPRα fluorescence was observed as longitudinal lines connecting triads ( Figure 1A ). The longitudinal lines of DHPRα may be due to the presence of DHPRα in the longitudinal SR, which run along the longitudinal axis of the muscle and are thought to extend continuously throughout the muscle to provide a conduit for trafficking specific membrane bound proteins within the SR membrane. 23, 24 In fact, the longitudinal lines of EGFP-DHPRα co-localized with labeling by an antibody against SERCA1, a Ca 2+ pump found in the longitudinal SR ( Figure 1B ).
Furthermore, double labeling muscle fibers with Alexa488-conjugated anti-DHPRα mAB1 and Alexa566-conjugated anti-RyR showed that longitudinal lines of endogenous DHPRα ran between adjacent triads as well as localizing to triads ( Figure 1C ). This pattern of labeling is consistent with DHPRα being present in the plane of the longitudinal SR membrane throughout the myofiber.
| DHPR traffics via longitudinal SR membrane independent of Stac3
In order to assay DHPRα dynamically in the longitudinal SR membrane, whole animal live cell imaging flourescence recovery after photobleaching (FRAP) experiments were performed on myofibers expressing EGFP-DHPRα. EGFP-DHPRα trafficking within live zebrafish skeletal muscle proceeds at a slow diffusion rate compared to EGFP diffusion alone ( Figure S1 and Table S1 , Supporting Information). As early as 5 minutes after photobleaching, EGFP-DHPRα could be seen to migrate along the longitudinal SR within the region that was photobleached, before accumulating at triadic areas in WT embryos ( Figure 2 and Movie S1). 
| SR/ER export machinery and Golgi outposts localize nearby triads
Because the SR is not continuous with the T tubules, DHPRs must translocate from SR membrane to the T tubule membranes. Previous studies described trafficking of membrane proteins through the longitudinal SR/ER membrane in skeletal muscle to ER exit sites (ERES) distributed throughout the mammalian myofiber. 24 Immunolabeling with anti-Sec23b, a marker for ERES, and anti-DHPRα revealed that ERES localized to the triadic regions in zebrafish skeletal muscles as well thus providing a potential site for translocation to the T tubules at triads ( Figure 3A) . Furthermore, the Golgi marker, anti-GM130, labeled what appears to be Golgi outposts in the triadic regions that flank triads in zebrafish muscles ( Figure 3B ) as found in some mammalian muscles. [25] [26] [27] Thus, a pathway localized to the triadic regions of SR and T tubules that includes SR to local Golgi to T tubule could potentially provide a trafficking pathway for DHPRs.
| DHPR trafficking via longitudinal SR membrane is not microtubule dependent
Canonical vesicular trafficking of membrane proteins to the plasma membrane occurs via microtubules. 28 To Importantly, this study used live imaging of fully differentiated muscle fibers in zebrafish embryos. Previous studies analysed trafficking and stability of DHPR in differentiated muscle by examination of the static end points in fixed tissue 33 or rodent primary muscle cultures. 34 However, myotubes harvested from perinatal mice or rats do not achieve a high degree of differentiation when studied in vitro at triads occurs at a faster rate in stac3 −/− mutants, 11 
| MATERIALS AND METHODS
| Animal care and phenotypic analysis
Zebrafish were bred and maintained according to approved guidelines of the University Committee on Use and Care of Animals at the University of Michigan. stac3mi34 (stac3 −/− ) and relaxedmi90 (cacnb1 −/− ) carriers were raised to 48hpf, dechorionated using 2 mg/ mL Pronase (Protease, Type XIV, Sigma) for 20 minutes, and stac3 −/− mutant and cacnb1 −/− embryos were behaviorally identified as previously described. 12, 13 Embryos were injected into the yolk at 1-cell stage with DNA expression constructs using the muscle actin promoter to constitutively express EGFP-DHPRα or Stac3-EGFP fusion proteins in skeletal muscle, and were sorted for fluorescence with a fluorescent dissecting microscope (Leica) as previously described. 11 Transgenic hsp70:EGFP zebrafish embryos were also used, 39, 44 and EGFP expression was induced by placing embryos in a 37 C water bath for 1 hour as previously described. 39 In all cases shown in this report, findings from the analysis of fast twitch muscles are presented. Although not analysed in as much detail, slow twitch muscles were also examined and found to exhibit similar trafficking of DHPRs.
| Immunolabeling and primary myofiber cultures
For whole-mount immunolabeling, embryos were fixed in 4% paraformaldehyde and immunolabeling was performed as previously described. 40 Fixed embryos were incubated in mAb1 41 (Thermo)
(1:500), anti-SERCA (Abcam) (1:1000), anti-Stac3 (1:100) 13 or antiRyR (DSHB 34c) (1:1000) overnight, followed by Alexa-fluor conjugated secondary labeling. For anti-α-tubulin (Sigma) labeling, embryos were fixed in Dent's fixative (80% methanol, 20% dimethyl sulphoxide [DMSO]), and incubated with antibody at 1:1000 overnight.
Directly conjugated antibodies anti-DHPRα488 and anti-RyR568 were generated as previously described. 11 Primary myofibers were dissociated using collagenase type II as previously described from 48hpf embryos. Confocal imaging settings were carefully calibrated so as not to observe saturated pixels during imaging. Contrast has been enhanced in some micrographs post hoc to display longitudinal SR in some instances, but quantification was done within the dynamic range.
Identical contrast enhancements were made in qualitative comparisons of nocodazole exposure between drug and DMSO treatments.
| Time lapse imaging and pharmacology
Dechorionated embryos were treated in PTU to minimize pigmentation, anesthetized in Tricaine, immobilized in low melting point agarose, and imaged using a 40× objective on a Leica Sp5 upright confocal microscope using a 10× digital zoom as previously described. 11 For pharmacological treatment, at 48hpf media was removed and replaced with either 1% DMSO (control) or 1% DMSO with 1 μg/mL nocodazole. All FRAP assays were conducted at room were plotted and each time-lapse was fit to a plateau followed by one-phase association (EGFP-DHPRα) using Prism6, and a best-fit plateau value and rate constant (k) were derived. Rate constants were converted into diffusion rates (D) using previously described equations. 42 To benchmark our FRAP analysis, additional FRAP was performed on skeletal muscle fibers expressing EGFP (heat shock induced from transgenic hsp70:EGFP zebrafish), and the diffusion rate of cytoplasmic EGFP was found to be comparable to published reports (62.8 μm/second) ( Figure S1 and Table S1 ). 43 Nocodazoleand DMSO-treated embryos were fixed with Dent's fixative after imaging and immunolabeled.
